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The Giant Dipole Resonance (GDR), which is conventionally described as due to collective mo-
tion, is instead shown to be the result of a sudden increase in level density at the 2~ω shell clo-
sure. The energy of the GDR closely follows the shell model harmonic oscillator energy model
where ~ω = 39A−1/3, for heavy nuclei. A better fit covering the entire mass range is given by
~ω = (47.55± 0.13)(A−1/3 −A−2/3). The GDR is shown to be composed of a lower energy peak,
E1, corresponding to the population of levels with oblate deformation and a higher energy peak, E2
corresponding to the population of levels with prolate deformation. The peak energy separation,
is proportional to the |β2| deformation and given by E2 − E1 = (11.03± 0.22)|β2|. The total pho-
tonuclear cross section, σ = σ1 + σ2, populating the GDR is proportional to the level density at the
GDR and is given by σ = (0.483± 0.006)A4/3 where σ1 = σ2. The widths of the two GDR peaks
are consistent with Nilsson model predictions and found to be Γ1 = (7.41± 0.15)A−1/6 MeV and
Γ2 = 1(11.13± 0.16)A−1/6 respectively. The Standard Lorentzian model parameters are fit to high
accuracy as a function of mass and deformation and can be applied reliably to all nuclei. It is shown
that the energies of pygmy and spin flip resonances correspond to the E = ~ω harmonic oscillator
energy and that the giant quadrupole (GQR), giant monopole (GMR), and giant octupole (GOR)
resonances coincide with the E = 2− 4 ~ω harmonic oscillator energies where the level density sud-
denly increases at the shell gaps.
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In 1948 Goldhaber and Teller [1] proposed that the Gi-
ant Dipole Resonance (GDR) is due to ”γ-rays exciting
a motion in the nucleus in which the bulk of the pro-
tons move in one direction while the neutrons move in
the opposite direction”. Although this picture of nucle-
ons collectively sloshing about the nucleus is simplistic, it
remains the predominant explanation for a large, high en-
ergy peak observed in the cross sections of photonuclear
(γ,n) reactions. Photonuclear experiments measure the
photoexcitation cross section, σγ(mb/MeV), populating
states above the neutron separation energy, Sn. The γ-
rays have predominantly E1 multipolarity and a Photon
Strength Function (PSF), f (E1)(Eγ) ↑, that is related to
the cross section by detailed balance as was defined by
Uhl and Kopecky [2] and given in Eq. 1
fE1(Eγ) ↑= σγ(Ex, E1)
3pi2~2c2Eγ
∝ ρ(Ex)Γ(E1)
E3γ
(1)
where ρ(Ex, J
pi) is the level density at an excitation en-
ergy Ex = Eγ and Γ(E1) is the average transition width,
Eγ is the γ-ray energy. The dominance of E1 multipolar-
ity is readily seen from the Weisskopf single-particle tran-
sition probabilities [3] where f (E1)/f (M1)=9000. The
PSF is the product of level density and γ-ray transition
strength so the peak in the GDR can be due to fluctua-
tions in either quantity.
The shape of the GDR PSF is well described by a sim-
ple Standard Lorentzian function, as described by Brink
and Axel [4, 5], and shown in Eq. 2 where E is the
GDR energy in MeV, Γ is its width in MeV, and σ is the
photonuclear cross section in mb. The summation is due
f (E1)(Eγ) ↑= 1
3(pi~c)2
i=2∑
i=1
σiEiΓ
2
i
(E2i − E2γ)2 + E2i Γ2i
(2)
to the splitting of GDR into two peaks in deformed nuclei
leading to two sets of GDR peak parameters. A recom-
mended set of experimental GDR parameters is available
in the IAEA Photonuclear Data Library 2019 [6].
The mean energies, E, as defined in Eq. 3 are plotted
as a function of mass number, A, for 148 GDR in Fig. 1
E =
E1σ1 + E2σ2
σ1 + σ2
(3)
where they are compared with the well known har-
monic oscillator energy level spacing [7–9], given by
~ω ≈ 39A−1/3, which is valid for heavy nuclei. The agree-
ment of the GDR energies with E = 2~ω in the region
A > 100 is excellent indicating that the GDR energies
are directly associated with the second harmonic oscil-
lator gap. This would be consistent with an increase in
level density at the shell gap where a new set of nuclear
states become available. The increased level density is
sufficient to explain the GDR without requiring any col-
lective enhancement. A better global fit to the GDR
energies is given by Eq. 4 where the GDR energy has
E = (47.55± 0.13)(A−1/3 −A−2/3) (4)
been least squares fit to a single parameter, accurate to
better than 0.3% for all nuclei, with a coefficient of de-
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2FIG. 1: The mean experimental GDR energies, E, defined
by Eq. 3 are compared with the expected ~ω ≈ 39A−1/3 har-
monic oscillator energies (dashed line) and the least square
fitted energies E = 47.55(A−1/3 −A−2/3) (solid line).
termination [10] R2=1.00. This fit is consistent with ex-
perimental data over the entire A=3-238 energy region
and even reproduces the GDR energy at A=3, observed
in photodisintegration measurements, where the curve
bends downwards.
The GDR has two peaks with energies E1 and E2 in
deformed nuclei. The experimental energy separation
∆E = E2 − E1 is plotted versus the absolute value of
the ground state deformation parameters |β2| in Fig. 2.
The β2 parameters were calculated from the experimen-
tal B(E2) values [11] for even-even nuclei using to Eq. 5,
where r0 = 1.2, or taken from theory [12] for other nuclei.
β2 = B(E2)
1/2 4pi
3Zr20A
2/3
(5)
∆E varies linearly with deformation and a least squares
fit to the data gives ∆E = (11.03± 0.22)|β2| = 3.5pi|β2|
with a R2 = 0.95 coefficient of determination. The sec-
ond form of the equation closely agrees with the fit
suggesting a natural form the this relation. Notably
there are no double peaked experimental GDR measure-
ments for β2 < 0.12. This is likely due to the diffi-
culty in resolving close lying GDR peaks. Clearly all de-
formed nuclei should have two peaks. If E1 = E −∆E/2
and E2 = E + ∆E/2, the average ratios of calcula-
tion to experiment are E1/E1(exp) = 1.02± 0.03 and
E2/E2(exp) = 1.00± 0.04 in good agreement with expec-
tation.
The total experimental GDR cross sections,
σ = σ1 + σ2, are plotted in Fig. 3. The total cross
section varies smoothly with mass and can be least
squares fit to give σ = (0.483± 0.006)A4/3 = ln(2)2A4/3
with a R2 = 0.98 coefficient of determination. It is
notable that the cross section is independent of defor-
mation. The equation for the total cross section can be
combined with Eq. 3 to show that σ2 = σ1, as seen in
FIG. 2: Experimental GDR peak separation ∆E = E2 − E1
(•) plotted versus nuclear deformation |β2|. A least squares
fit gives ∆E = (11.03± 0.22)|β2| (solid line).
FIG. 3: The total GDR cross section σ = σ1 + σ2 is least
squares fit giving σ = 0.483A4/3. The increase in magnetic
substates, Σ(2J + 1), (red squares) summed over all shell
model states at each shell gap, ~ω closely follows the increase
in total cross section.
Eq. 6. In spite of large fluctuations in the experimental
E1σ1 + E2σ2 − Eσ = 0
(E −∆E)σ1 + (E + ∆E)σ2 − Eσ = 0
E(σ1 + σ2) + ∆E(σ2 − σ1)− Eσ = 0
σ1 = σ2 = (0.242± 0.003)A4/3 = ln(2)
2
2
A4/3
(6)
σ2/σ1 cross section ratios for deformed nuclei, the average
ratio σ2/(σ1 + σ2) = 0.55± 0.11 is consistent with both
cross sections being identical.
The mass dependence of the GDR cross section is as-
sociated with increasing level density. The sum of mag-
netic substates, Σ(2J+1), summed over all intrinsic shell
model states at each shell gap is proportional to the lo-
cal level density and has been plotted, normalized to the
cross sections, in Fig. 3. The agreement is excellent sug-
gesting there us no collective enhancement of the photon
strength.
3FIG. 4: Total widths a) Γ = Γ−∆Γ (•) for nuclei with a single
peak width and Γ = (Γ1σ1 + Γ2σ2)/(σ1 + σ2) (•) where both
peak widths were measured. Individual widths are shown b)
where Γ1 = Γ−∆Γ1 (◦)and Γ2 = Γ + ∆Γ2 (◦) for nuclei with
a single peak width, and Γ1 (•) and Γ2 (•) where both peak
widths were measured.
Comparison of the GDR widths, Γ1 and Γ2 is com-
plicated by the fact that many experimental GDR res-
onances were analyzed with only a single width. Even
at small deformations both peaks should exist although
they may be difficult to resolve. For deformed nuclei the
experimental weighted average peak width, Γ, is given in
Eq. 7. When only Γ is measured the comparable peak
Γ =
Γ1σ1 + Γ2σ2
σ1 + σ2
(7)
width is Γ = Γ−∆Γ where ∆Γ is a correction for the
contribution of the peak separation energy to the mea-
sured width. Normalizing the single peak widths to
the average widths for deformed nuclei data we get
∆Γ=0.70 MeV. The average widths for all data are
plotted versus mass number in Fig. 4a. The agree-
ment between both sets of data is excellent and a
least squares fit to the data gives Γ = (9.60± 0.13)A−1/6
MeV with an R2 = 0.98 coefficient of determination.
There is no correlation between the average widths
and the deformation parameter |β2|. Similarly, when
FIG. 5: Nilsson diagram for the Z=50-82 closed shells re-
gion [13]. The region encompassing Nilsson configurations
originating from the 1g7/2 shell model state are bordered by
a dashed line and shaded in blue. The region of configurations
originating from the 1h11/2 shell model state are bordered by
a solid line and shaded in pink. The region overlapping both
configurations is shaded in purple. The centroid energies are
indicated for the 1g7/2 Nilsson states (yellow circles) and for
1h11/2 Nilsson states (white circles).
only Γ is measured we assume that Γ1 = Γ−∆Γ1 and
Γ2 = Γ + ∆Γ2. A least squares fit gives ∆Γ1 = 1.74
MeV and ∆Γ2 = 0.032 MeV. The corrected widths are
plotted with the deformed GDR widths in Fig. 4b.
Γ1 and Γ2 form two distinct groups where a least
squares fit gives Γ1 = (7.41± 0.15)A−1/6 = e2A−1/6
MeV with an R2 = 0.96 coefficient of determination
and Γ2 = (11.13± 0.16)A−1/6 = 1.5e2A1/6 MeV with an
R2 = 0.98 coefficient of determination. The ratio of the
two widths is Γ2/Γ1 = 1.50± 0.04.
The variation in peak widths is readily explained
by inspecting the Nilsson diagram in Fig. 5. Nilsson
states arising from the shell model configurations are
more closely spaced in level energy for oblate deforma-
tions than for prolate deformations. For example at
|β2|=0.2 the ratio of oblate to prolate Nilsson spacings
for configurations arising from the 1g7/2 shell model state
is f(prolate)/f(oblate)=2.0 and from the 1h11/2 shell
4model state it is f(prolate)/f(oblate)=1.3. The aver-
age energies of the oblate Nilsson states are also lower
than for the prolate states. This is consistent with the
Γ1 peak corresponding to γ-rays populating levels with
oblate deformation and the Γ2 peak corresponding to γ-
rays populating levels with prolate deformation.
FIG. 6: The experimental energies of Pigmy and spin flip
(o), isoscalar giant dipole ISGDR (o), giant quadrupole GQR
(o) giant monopole GMR (o), and giant octupole GOR (o)
resonances are compared with the GDR harmonic oscillator
energies. The experimental GQR energies (x) are corrected
as described in the text.
If the GDR is due to the level density fluctuation at
the 2~ω harmonic oscillator energy then all giant reso-
nances should be due to similar fluctuations. In Fig. 6
the mean energies of Pygmy and spin flip resonances are
plotted [14–37]. Although these resonance regions are
very fragmented their mean energies correspond well to
the energy of the first harmonic oscillator shell gap. The
photon strengths of the spin flip transitions are also en-
hanced due to well known shell effects. The energies of E0
Giant Monopole Resonances (GMR) [38–52], E1 Isoscalar
Giant Dipole Resonances (ISGDR) [48, 53–58], E2 Giant
Quadrupole Resonances (GQR) [45–51, 56, 59, 60], and
E3 Giant Octupole Resonances (GOR) [48, 61–66], pop-
ulated by various reactions, are also plotted in Fig. 6.
All but the GQR follow the 2~ω, 3~ω and 4~ω harmonic
oscillator shell gap energies as expected.
The GQR resonance energies follow the 2~ω energy
trend but are systematically lower in energy. This would
occur if the GQR consists of both oblate and prolate
peaks but only the lower energy oblate peak was ob-
served. Although most authors report a single GQR
peak, Itoh et al [67] have shown that the GQR is in-
deed composed of both a high and low energy compo-
nent. Correcting the observed GQR energies for a miss-
ing high energy peak, assuming the same energy separa-
tions as for the GDR, we get better agreement with 2~ω
yet an average deficit of ≈1 MeV remains. This can be
accounted for by the 1/E2L+1γ energy dependence of the
photon strength which shifts the energy of the giant res-
onance peak to lower energy. If we multiply the photon
strength by E3γ this removes the γ-ray energy dependence
and restores the level density energy dependence. Divid-
ing the photon strength by E2γ accounts for the difference
between E1 and E2 γ-ray energy dependence. These en-
ergy shifts have been calculated over a wide range of nu-
clear masses and were found to be nearly constant with
the GDR lying 1.21 ± 0.03 MeV below the energy peak
of the level density and the GQR lying 1.03± 0.07 MeV
below the GDR peak. In Fig. 6 the GQR data corrected
for the missing high energy prolate peak and the energy
shift agree well with the 2~ω energy fit to the GDR data.
TABLE I: Giant Dipole Resonance standard Lorentzian pa-
rameters.
E = (47.55± 0.13)(A−1/3 −A−2/3)
E1 = E − (5.52± 0.29)|β2|
E2 = E + (5.52± 0.29)|β2|
σ1 = (0.242± 0.003)A4/3
σ2 = σ1
Γ1 = (7.41± 0.15)A−1/6
Γ2 = (11.13± 0.16)A−1/6
The GDR is clearly demonstrated to be due to the
sudden addition of new nuclear levels at the 2~ω shell
gap. The GDR energy closely follows the expected 2~ω
harmonic oscillator energy. The photonuclear cross sec-
tion increases with mass proportional to the expected in-
crease in level density near the GDR. The GDR separates
into two peaks whose energy separation is proportional to
the |β2| deformation. The lower energy peak is narrower
corresponding to an oblate deformation and the higher
energy peak is broader corresponding to a prolate de-
formation consistent with the Nilsson model. The GDR
photon strength is well described for all nuclei by a Stan-
dard Lorentzian whose parameters are well determined
and given in Table I.
The fitted parameters describe all nuclei near the val-
ley of stability and may by more reliable than experi-
mental measurements that often ”suffer from systematic
discrepancies which are not easy to resolve” [6]. The ex-
perimental data have insufficient precision to determine
whether second order nuclear structure effects might also
contribute. The excellent least squares fits to all param-
eters with all coefficients of determination near 1.0 sug-
gests that they are robust and suitable replacements for
the individual experimental values.
The GDR will also exhibit peaks at higher shell clo-
sures that must be considered if the photon strength
model is extended to higher energies. It is unclear
whether the GDR parameters will still apply to those
peaks. Experimental analysis of higher energy photonu-
clear data will be difficult as multiple reaction channels
open emitting multiple neutrons and charged particles
and increasing the total cross section. It will be difficult
5to separate the cross section increase due to the sudden
level density increases from that due to additional reac-
tion channels.
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